We propose and experimentally demonstrate a compact microresonatorfeedback single-frequency fiber laser at 1.06 μm, and further initiating different-type nonlinear lasing based on stimulated Brilliouin scattering, stimulated Raman scattering, and four-wave mixing (FWM). A silica microsphere with an ultrahigh Q-factor is employed in our experiment as a narrow bandwidth cavity mirror around 1.06 μm, and a generator of nonlinear optical effects subsequently. With the help of mode selection both from the silica microsphere and a fiber Bragg grating, single-frequency lasing with a linewidth as narrow as 281 kHz is obtained at 1.06 μm by employing 974-nm laser diode pumped Ytterbiumdoped fiber as a gain medium. By optimizing the polarization states, controlling the coupling position between the fiber taper and microsphere as well as the pump power, three-order cascaded Brilliouin Stokes lasings at 1.06 μm, and cascaded Raman lasing at 1.12, 1.18 and 1.23 μm are realized, respectively. An FWM-based optical frequency comb (OFC) with a bandwidth ∼31 nm is further realized with center wavelength of ∼1.06 μm. Interestingly, a 1.18-μm-centered OFC with ∼37-nm bandwidth is also generated assisted by the secondorder Raman-gain.
Introduction
Single-frequency laser at ∼1 μm has important applications in many fields, such as LIDAR [1] , efficient harmonic generation [2] and coherent beam combining [3] . Whispering gallery mode (WGM) microresonator (WGMR) can be employed as wavelength-selective feedback mirror with a narrow reflection bandwidth for fiber lasers, due to the mode coupling between clockwise and anticlockwise WGMs induced by intracavity Rayleigh scattering [4] , [5] . WGMR-based single-frequency fiber lasers and semiconductor lasers with ultra-narrow linewidth have been demonstrated [6] - [8] . In particular, a chip-scale semiconductor laser integrated with WGMR as external cavities with 30 Hz integral linewidth as well as sub-Hz instantaneous linewidth has been reported [8] .
Benefiting from the high Q-factor and low mode volume of WGMR, the threshold of nonlinear optical effects in microresonators can be significantly reduced. For the past decades, several kinds of nonlinear optical processes in WGMRs have been intensely investigated, including stimulated Brillouin scattering (SBS), stimulated Raman scattering (SRS) and four-wave mixing (FWM) [9] - [14] . The applications of SBS lasing in WGMR have been exploited recently, such as microwave generation [15] , non-reciprocal light storage [16] , and high coherence microlasers [17] . SRS lasing in WGMR can be helpful to further extend the wavelength range which can not be achieved in conventional rare-earth-doped lasers. The ultrahigh Q-factor in WGMR can guarantee the generation of low-threshold Raman lasing, and even cascaded SRS, which has been reported in microspheres [11] , microdisks [18] and microtoroids [19] . Recently, Raman lasing of WGMR is widely applied in optical sensing [20] , [21] . Optical frequency combs (OFCs) are optical sources with equidistant spectral lines and have extensive applications in high-precision frequency metrology, precise optical clocks, broadband gas sensing, and quantum entanglement sources [22] - [25] . The OFCs based on cascaded FWM in WGMRs can reduce the power for generating the comb in a large degree and can be miniature in size compared to standard OFCs based on mode-locked lasers [14] , [26] .
The generation of nonlinear optical effects in conventional WGMR requires a very stable tunable single-frequency pump laser source [14] , [18] , [27] , and the pump frequency with a narrow linewidth has to be tuned into one of the cavity resonances precisely, leading to often mismatch the pump frequency with the resonance frequency of microresonator in experiment. In order to solve this problem, a feasible way is to use a microresonator as feedback mirror in fiber laser, without requiring a tunable single-frequency pump laser. Recently, microresonator-feedback fiber lasers have been successfully generated single-frequency lasing and nonlinear optical effects [6] , [7] , [28] . However, all of them work at the 1.55 μm waveband, and the other wavelength operation (e.g., ∼1 μm) of microresonator-feedback fiber laser has not yet been exploited fully. Considering the applications of single-frequency laser at ∼1 μm, it will be meaningful to investigate the microresonator-feedback fiber laser at ∼1 μm.
In this letter, to the best of our knowledge, it is the first time to demonstrate a microresonatorfeedback single-frequency Yb-fiber laser with ∼281 kHz linewidth at 1.06 μm, and further generating nonlinear lasings based on SBS, SRS and FWM. Three-order Brillouin Stokes waves are observed, and the beat note of the pump lasing and the first-order Stokes lasing is measured. Besides the cascaded Raman lasings at 1.12, 1.18 and 1.23 μm, an 1.06 μm-centered FWM-based OFC with ∼31 nm bandwidth and an 1.18 μm-centered second-order Raman-gain-assisted OFC with ∼37 nm bandwidth are also obtained.
Experimental Setup
The experimental setup of the proposed microresonator-feedback single-frequency Yb-fiber laser system which can effectively generate nonlinear optical effects is schematically shown in Fig. 1 . A 20 cm high-concentration Ytterbium-doped fiber (Yb 406, CorActive) is employed as gain medium pumped by a 974 nm laser diode (LD) through a 980/1064 nm wavelength-divisionmultiplexing (WDM). The laser cavity consists of a fiber Bragg grating (FBG) with a high reflectivity of >99.9% in the wavelength range of 1063.3∼1063.6 nm and a microresonator feedback mirror. The microresonator in our experiment is a silica microsphere (∼140 μm in diameter) fabricated by melting a silica fiber tip using a CO 2 laser. A fiber taper (∼2 μm in diameter) is used to couple the light into/out the microsphere. The Q-factor of the microsphere around 1550 nm is measured to be ∼ 1 × 10 8 by using a tunable single-frequency laser. Due to the lack of ∼1 μm ultra-narrowlinewidth laser in our lab, the Q-factor of the microsphere around 1.06 μm can not be measured directly. The theoretical intrinsic Q 0 (only the material absorption loss is considered here) at 1.06 μm can be estimated to be ∼ 9.5 × 10 9 from Q 0 = 2π/(λ 0 α), where n ∼ 1.45 is refractive index and α ∼ 0.9 dB/km is the absorption coefficient for silica at 1.06 μm. Based on calculation, the free spectral range (FSR) of the microsphere is deduced to be 470 GHz. The microsphere in combination with the fiber-taper coupling can provide 20%-30% reflectivity in our experiment. Moreover, a fiber polarization controller (FPC-100, OZ optics) is used for optimizing the polarization states. The total cavity length of the fiber laser is approximately L = 4.2 m, corresponding to FSR of ∼24 MHz from F SR = c/(2n eff L ) (c is the light velocity in vacuum, n eff is group refractive index), which is far smaller than the FSR of the microsphere. Furthermore, the resonant linewidth of WGMR with untrahigh Q-factor is in the MHz scale generally, which is smaller than the FSR of the laser system. Therefore, it is possible to achieve single-frequency laser in the experiment.
Experimental Results and Discussions
The results of the single-frequency lasing generation from the microresonator-feedback laser system are shown in Fig. 2 . As shown in Fig. 2(a) , the output optical spectrum with the wavelength of ∼1063.67 nm and signal-to-noise ratio (SNR) of 51 dB is measured with an optical spectrum analyzer (OSA, 0.01 nm resolution) and the pump power of the 974 nm LD is ∼150 mW. The output power of the lasing versus pump power is shown in Fig. 2(b) . It can be deduced that the threshold of the single-frequency lasing is ∼99 mW by linearly fitting the experimental data, the total output power is more than 1 mW and the slope efficiency is 1.08%. This low slope efficiency might result from the low optical reflectivity of microresonator mirror and the narrow linewidth single-frequency lasing from this laser system as will be shown later. In order to find whether it is a single-frequency lasing, the output signal is sent to an electric spectrum analyzer (ESA) after detection by a 100 MHz bandwidth photodetector. It can be seen from Fig. 2(c) , there is no beat signal between the longitudinal modes of the microresonator laser system observed in the detection range with a resolution bandwidth (RBW) of 100 kHz. Thus, it can be judged as a single-frequency lasing. The linewidth of single-frequency lasing is measured by employing the self-heterodyne method at zero frequency [29] - [31] with 25 km-delayed fiber. The experimental (blue solid line), fitting (red solid line), and the noise of equipment background (black dashed line) are shown in Fig. 2(d) with the RBW of 10 kHz, respectively. It can be seen that the beat signal has a Gaussian line-shape by fitting the experimental data. The linewidth of the single-fequency lasing can be calculated to be 281 kHz from the 3 dB linewidth of the fitting line [29] - [31] .
SBS is a nonlinear optical effect that can be regarded as an interaction between the original lasing wave and Stokes wave, the weak intensity grating is formed and the mechanical oscillation induced by the electrostriction effect is generated as an acoustic wave simultaneously [32] . When the pump power is beyond the threshold power of SBS in the experiment, the Brilliouin lasing can be generated. And the pump power is continued to increase, the former order Brilliouin lasing line can further initiate the next order Brilliouin lasing line. Furthermore, the beat signals between pump lasing and Brilliouin lasing or between different order Brilliouin lasings in WGMRs can be exploited as microwave generation source which can reduce pump power and be miniature in size. In order to achieve SBS, the launched pump power was increased continuously, and the pump wavelength was finely tuned for optimizing resonances. The microsphere with abundant resonant modes is employed as a wavelength-selective feedback mirror for single or multiple mode narrow linewidth lasing and simultaneously used for pumping Brilliouin lasing. Herein, the threshold of Brilliouin lasing is estimated to be ∼110 mW, the lasing is intrinsically locked to the resonances of microresonator with the Brilliouin Stokes waves observed. The Brilliouin lasing near 1.06 μm is with a lasing space of ∼0.03 nm beside the pump peak, corresponding to a Brillouin acoustic frequency of ∼16 GHz for silica. The forward Billiouin lasing spectra are measured under different pump power of the 974 nm LD. As shown in Fig. 3(a) , by increasing the pump power of the 974 nm LD to be ∼200 mW, the cascaded (up to third-order) Brilliouin lasing is excited. The first-order Stokes line is observed with wavelength shift of ∼0.03 nm in the right side of the pump peak (1063.56 nm). The second-order and third-order Stokes lines are similar to the first-order Stokes line, the next order Stokes line is located with lasing space of ∼0.03 nm in the right side of the former order Stokes line. When the pump power of the 974 nm LD is 140 mW, the intensity of the first-order Stokes line is similar to the pump lasing, the spectrum is shown in Fig. 3(b) . In order to measure the beat microwave signal between the pump lasing and the first-order Stokes lasing, the output signal is sent to an ESA with RBW of 1 kHz and sweep time of 1 s after detection with an InGaAs PIN photodetector (30 GHz bandwidth). It can be seen from Fig. 3(c) , the microwave signal with a central frequency of 16 .382114 GHz and SNR of 23 dB, and the 3 dB linewidth is estimated to be ∼21 kHz.
Different from SBS, SRS is a nonlinear optical process which transfers energy from a pump wave to Stokes and anti-Stokes waves through optical phonons in the optical transmission medium [32] . As shown in Fig. 4(a) , once the pump power of the 974 nm LD is greater than ∼142 mW, the first-order Raman lasing at 1113.93 nm could be observed, in correspondence with the Raman gain peak which occurs downshifted in frequency by approximately 14 THz relatived to the pump frequency (the wavelength shift is about 50 nm). The threshold of the Raman lasing can be estimated to be ∼142 mW. In addition to obtain the first-order SRS, we have also observed cascaded Raman scattering by continuously increasing the pump power of the 974 nm LD and optimizing the polarization states. When the pump power of the 974 nm LD is increased to be ∼190 mW, the first-order Raman lasing is strong enough to excited the second-order Raman lasing at 1175.30 nm, the optical spectrum of the second-order Raman lasing is shown in Fig. 4(b) . It can be seen from Fig. 4(b) , the first-order Raman lasing is multimode (noted by red dashed line), it might result from the large Raman-gain-bandwidth and the small FSR of the microsphere. By such cascaded process, Fig. 4(c) presents the third-order Raman lasing at 1226.05 nm is achieved when the pump power of the 974 nm LD is exceeded ∼228 mW. Fig. 3. (a) The forward optical spectrum of Brilliouin lasing under the pump power of the 974 nm LD to be ∼200 mW, the Stokes (up to third-order) lines are observed; (b) First-order Stokes line, whose intensity is similar to the pump lasing; (c) The microwave signal corresponding to beat note of the pump lasing and the first-order Stokes lasing of Fig. 3(b) , the RBW is 1 kHz.
FWM is different from SBS and SRS, it is a nonlinear optical process that two pump photons are annihilated and a pair of signal and idler photons whose frequencies are situated symmetrically with respect to the pump frequencies are generated, and the phase matching condition should be satisfied strictly induced by Kerr nonlinearity effect. In WGMR, this strict phase matching condition can be realized to an extend where the momentum conservation in the azimuthal mode indices are fulfilled. As a result, the OFC usually occurs with a frequency spacing which is matched with single or multiple FSR. By controlling the coupling position between the fiber taper and the microsphere as well as the polarization states carefully, OFCs can be generated. When the pump power of the 974 nm LD is 210 mW, the comb spectrum with 18 main comb teeth and 1-FSR mode spacing (∼1.88 nm) between adjacent teeth is shown in Fig. 5(a) , where the center wavelength is 1063.60 nm (noted by red arrow), and the bandwidth is ∼31 nm. Taking account of the silica microsphere with diameter of ∼140 μm used in our experiment, the FSR change f varies from −10.2 to −5.9 MHz between 1.0 and 1.3 μm based on calculation [33] , so the wavelength range of 1.0∼1.3 μm corresponds to the normal group velocity dispersion. Considering the weak effect of modulational instability in the process of normal-dispersion WGMR-based OFCs generation, the normal dispersion regime is less favorable for the generation of interesting comb states [34] , [35] . Nevertheless, the generation of normal-dispersion WGMR-based OFCs have also been reported in recent years [36] , [37] . Finally, as shown in Fig. 5(b) , a second-order Raman-gain-assisted OFC is realized under a pump power of ∼200 mW from the 974 nm LD. In recent years, the Raman-gainassisted OFC has been experimentally demonstrated in WGMR [18] , [38] . There are a multitude of nonlinearly generated wavelengths which located on the both sides of the center wavelength around 1179.25 nm and 1-FSR mode spacing (∼2.15 nm) between the adjacent main teeth (noted by red blocks) in Fig. 5(b) , where the bandwidth of the OFC is ∼37 nm. Besides, some relatively weak peaks appear between the adjacent main comb teeth in Fig. 5(b) , which are probably generated from higher-order WGMs or different polarization modes of the microresonator. It is worth noting that, by further increasing the pump power, the 1.06 μm-centered FWM-based OFC and the 1.18 μm-centered second-order Raman-gain-assisted OFC can not be broaden obviously, which might be limited by the dispersion of microsphere that can not be compensated by self-and cross-phase modulations effectively [39] .
Conclusion
In conclusion, we have proposed and experimentally demonstrated a microresonator-feedback single-frequency fiber at 1.06 μm directly pumped by a 974 nm LD. The maximum output power of single-frequency lasing is more than 1 mW with a slope efficiency of 1.08% and narrow linewidth of ∼281 kHz. The ultrahigh Q-factor microresonator with diameter of ∼140 μm is not only employed as a reflection mirror for the Yb-fiber laser but also as a initiator of nonlinear optical effects that introduces SBS, SRS and FWM subsequently. By controlling the coupling position between the fiber taper and microresonator, optimizing the fiber polarization states, as well as the pump power of the 974 nm LD, three-order Brillouin Stokes lasings are observed, and the beat note of the pump lasing and the first-order Stokes lasing is measured, the linewidth is estimated to be 21 kHz. Besides the cascaded Raman lasings at 1.12, 1.18 and 1.23 μm, an 1.06 μm-centered FWM-based OFC with ∼31 nm bandwidth and an 1.18 μm-centered second-order Raman-gain-assisted OFC with ∼37 nm bandwidth are achieved in the experiment. Our experiments present a novel scheme of generating single-frequency laser at 1.06 μm and nonlinear lasings with simple structure and operation.
